The nature of upper mantle is important to understand the evolution of the South China Sea (SCS); thus, we need better constrains on its mantle heterogeneity. Magma water concentration is a good indicator, but few data have been reported. However, the rarity of glass and melt inclusions and the special genesis for phenocrysts in SCS basalts present challenges to analyzing magmatic water content. Therefore, it is possible to estimate the water variations through the characteristics of partial melting and magma crystallization. We evaluated variations in Fe depletion, degree of melt fractions, and mantle source composition along the fossil spreading ridge (FSR) using SCS basalt data from published papers. We found that lava from the FSR 116.2 • E, FSR 117.7 • E, and non-FSR regions can be considered normal lava with normal water content; in contrast, lava from the FSR 117 • E-carbonatite and 114.9-115.0 • E basalts have higher water content and show evidence of strong Fe depletion during the fractional crystallization after elimination of the effects of plagioclase oversaturation. The enriched water in the 117 • E-carbonatite basalts is contained in carbonated silicate melts, and that in the 114.9-115.0 • E basalts results from mantle contamination with the lower continental crust. The lava from the 117 • E-normal basalt has much lower water content because of the lesser influence of the Hainan plume. Therefore, there must be a mantle source compositional transition area between the southwestern and eastern sub-basins of the SCS, which have different mantle evolution histories. The mantle in the west is more affected by contamination with continental materials, while that in the east is more affected by the Hainan mantle plume.
Introduction
The formation of the South China Sea (SCS) has always been a hot topic in research, with multiple genetic models being explored [1] [2] [3] [4] [5] [6] [7] [8] , and the key research area for the petrologist is the nature of the upper mantle. However, such studies have been limited by the lack of fresh volcanic samples. In recent years, an abundance of igneous samples from volcanic seamounts near the 15.5 • N fossil spreading ridge (FSR) has provided a newfound opportunity to investigate the nature of the upper mantle under the SCS [9] [10] [11] [12] [13] . The geochemical study of volcanic samples from the area show that the nature of the upper mantle is quite complicated, with Dupal anomaly characteristics, ocean island basalt (OIB)-like properties [9] [10] [11] [12] [13] [14] , mantle contamination from the Hainan mantle plume [15] [16] [17] [18] , recycled continental materials [13] , and the presence of carbonated silicate melts [9] . Therefore, we need a better method for constraining mantle heterogeneity to help us understand the evolutionary history of the SCS. 2 of 19 Water is one of the most important volatile components in magma and mantle sources; it significantly influences mantle partial melting and magma crystallization [19] [20] [21] , and can be treated as an incompatible element [22] [23] [24] . Thus, the water content of magma is a good indicator of magma heterogeneity in the mantle source. However, data on magmatic water content in SCS basalt are limited.
The lack of water content data for SCS magma provides the motivation for this study. Yet, the rarity of glass and melt inclusions in the basalt presents a challenge to analyzing the magma water content. Recent research has outlined the potential of using nominally anhydrous minerals (NAMs), especially clinopyroxene, to constrain magmatic water content based on the experimentally determined partition coefficients; these minerals have since been used in a number of studies to determine magma water content [25] [26] [27] . However, recent studies on the geochemical characteristics of clinopyroxenes in SCS basalts show that phenocryst clinopyroxenes are megacrysts crystallized from parent magma with the same source as the host lava [28, 29] . In other words, the clinopyroxenes are products of the mantle plume that are not affected by the interaction between the mid-ocean ridge and the mantle plume. The Mg# of the phenocryst clinopyroxenes in SCS basalts varies from 0.84 to 0.92 [28] ; then, we calculated the Mg# values of the parental magma equilibrium with these clinopyroxenes by using the Fe = Mg exchange coefficient between clinopyroxene and silicate melts (Kd: 0.3, [30, 31] ). The result shows that the Mg# varies from 0.61 to 0.78, which is significantly higher than the Mg# of the host lava (0.34 to 0.59, [28] ), suggesting a disequilibrium between clinopyroxenes and the host lava [28, 29] . The high Mg# of parental magma exhibited really primitive characteristics, and the lack of a zonal structure of clinopyroxenes also reflects the deep crystallization from relatively undifferentiated magma. Hence, we suggest that the water content data from clinopyroxene cannot be used to reflect the magma water content beneath the SCS.
The most effective way to obtain information regarding the distribution characteristics of magma water content beneath the FSR of SCS is to estimate water variation using the characteristics of partial melting and magma crystallization. During the process of fractional crystallization, the water content in the magma significantly controls the appearance of plagioclase crystallization [32] [33] [34] . The plagioclase, a mineral group poor in FeO*, is the second phase in the cotectic line during anhydrous fractional crystallization under a pressure of one atmosphere [33, [35] [36] [37] . The onset crystallization of plagioclase leads to a sudden increase of FeO* and decrease of Al 2 O 3 in magma, and retards Mg depletion. The addition of water to the magma then causes a significant suppression of plagioclase crystallization and results in Fe depletion in the magma [32] [33] [34] . Zimmer et al. [38] developed a quantitative index for this Fe depletion (Tholeiitic Index, THI = Fe 4.0 /Fe 8.0 ), and found that water correlates negatively with THI, and this relationship is maintained within the basaltic magma (including arc volcanoes, back-arc basins, ocean islands and mid-ocean ridges). Therefore, Fe depletion and the corresponding magma CA characteristics (magma fractionation trend from tholeiitic (TH) to calc-alkaline (CA)) can be used to reflect the magma water content. During the process of mantle melting, the water concentration and mantle potential temperature (T P ) are the most important effects on the melting regimes. An increase in T P at constant water in the source causes an increase in the initial melting depth, the mean extent of melting, and the crustal thickness. The addition of water to the mantle source at constant T P also causes an increase in the initial melting depth and crustal thickness because water is diluted by further melting, and has little effect on the maximum extent of melting. However, the addition of water lowers the melting temperature of the solidus and increases the area of mantle flow that crosses the solidus. Thereby, it increases the denominator in the definition of the mean extent of melting (F), and causes a decrease in the mean extent of melting [39] . Based on these characteristics, it helps to identify high water mantle sources.
In this study, we use SCS basalt data from published papers to evaluate variations in CA characteristics (Fe depletion), the degree of mantle melting, and mantle source composition along the FSR. We gain a certain understanding of the variations in magma water content along the FSR, which provides us with better constraints for the origin of high water content and mantle heterogeneity in the SCS.
Geological Background
The SCS is located at the intersection of the Eurasian, Indo-Australian, and Pacific plates, and is the largest continental marginal basin in the west Pacific (Figure 1 ). The SCS has undergone a series of tectonic evolution processes, from subduction during the late Mesozoic to continental extension and seafloor spreading during the Cenozoic [2, [40] [41] [42] [43] . The spreading finally stopped at 15.5 Ma [40] [41] [42] . Three fossil spreading ridges (18 • N, 17 • N, and 15.5 • N) and several sub-basins (the northwestern, southwestern, and eastern) remain. The eastern sub-basin has a lower average water depth than the other sub-basins because of the large number of seamounts formed along the youngest FSR (15.5 • N, 23-15.5 Ma; [44] ). These seamounts are products of extensive intraplate volcanism that occurred after the ridge spreading ceased. In addition, a low-velocity anomaly has been observed beneath the Hainan Island area, and the hot spot-type volcanism at that location may be caused by the deep-mantle Hainan plume [45, 46] . The range of influence of the Hainan plume was constrained by the presence of alkali basalts and includes the SCS, the Leiqiong Peninsula, Hainan Island, Vietnam, and Thailand [10, 47, 48] . provides us with better constraints for the origin of high water content and mantle heterogeneity in the SCS.
The SCS is located at the intersection of the Eurasian, Indo-Australian, and Pacific plates, and is the largest continental marginal basin in the west Pacific (Figure 1 ). The SCS has undergone a series of tectonic evolution processes, from subduction during the late Mesozoic to continental extension and seafloor spreading during the Cenozoic [2, [40] [41] [42] [43] . The spreading finally stopped at 15.5 Ma [40] [41] [42] . Three fossil spreading ridges (18° N, 17° N, and 15.5° N) and several sub-basins (the northwestern, southwestern, and eastern) remain. The eastern sub-basin has a lower average water depth than the other sub-basins because of the large number of seamounts formed along the youngest FSR (15.5° N, 23-15.5 Ma; [44] ). These seamounts are products of extensive intraplate volcanism that occurred after the ridge spreading ceased. In addition, a low-velocity anomaly has been observed beneath the Hainan Island area, and the hot spot-type volcanism at that location may be caused by the deep-mantle Hainan plume [45, 46] . The range of influence of the Hainan plume was constrained by the presence of alkali basalts and includes the SCS, the Leiqiong Peninsula, Hainan Island, Vietnam, and Thailand [10, 47, 48] . 
Data Sources and Quality Control
The major, trace, and isotope composition data used in this study are exclusively from published articles; the data sources are shown in Table 1 . All the basalt data were merged, where the total Fe (FeO T ) = 0.9 × Fe 2 O 3T . Due to the lack of interlaboratory bias correction factors, we did not calibrate the major and trace element data from interlaboratory variations. However, all the methods for obtaining major and trace element data are consistent: using X-ray fluorescence (XRE) and inductively coupled plasma mass spectrometry (ICP-MS), respectively, with precisions of approximately <5% and <10%, respectively. Therefore, the obtained data are of good quality. For isotope data, especially Pb isotope data, there are indeed significant differences between those of earlier and recent studies for the same samples. All of our Pb isotope data were obtained within the years from 2007 to 2018 (Table 1) , except for the Pb isotope data from Tu et al. [10] (which were obtained in 1997). Li et al. [49] suggested that old Pb isotope data should be superseded by new ones obtained from the same samples, and samples that have not been reanalyzed should be excluded. However, in our study, we retained the Pb isotope data from Tu et al. [10] , because these are the only Pb isotope data for a certain area (117.7 • E), and this data has only been used as background information. The Sr and Nd isotope data were renormalized to 87 Sr/ 86 Sr = 0.71025 for NBS 987 Sr standard and 143 Nd/ 144 Nd = 0.511860 for the La Jolla Nd standard.
Further, in order to ensure data quality, highly evolved (MgO < 3.0 wt. % and SiO 2 < 43 wt. %) and highly primitive (MgO > 12 wt. % and SiO 2 > 55 wt. %) compositions were excluded. 
Results
Numerous studies have been conducted on the geochemical characteristics of major, trace, and isotope compositions of SCS basalts [9] [10] [11] [12] [13] 50] . The general geochemical features show that SCS basalts have large variations in major element composition and plot in the transitional field between the alkaline and sub-alkaline magmatic series. Sub-alkali and alkali basalts have different melting characteristics in depth, degree of melting, and even the different ages [54, 55] . Some supports are shown in the primary melt composition calculated by using the PRIMELT3 MEGA.XLSM software (version 3, produced by Herzberg and Asimow [56] ). The details of the volcanic rock total alkali silica (TAS) classification and primary melt calculation are shown in Supplementary Materials Section S1, S3, and Figure S1 . Trace element compositions mainly manifest as enriched mid-ocean ridge basalt (E-MORB) and OIB-like rare earth element (REE) patterns enriched in light REE (LREE), the details of chondrite-normalized REE patterns, and primitive mantle-normalized incompatible trace element patterns are shown in Supplementary Materials Section S1, Figures S2 and S3. Isotope compositions are similar to those of an Indian-type mantle with Dupal anomaly characteristics. The aim of this study was not to repeat a previous result, but rather to try and reveal the following characteristics from our compiled data: (1) the CA characteristics and Fe depletion within the SCS basalt, and (2) the along-fossil spreading ridge geochemical variation.
CA Characteristics and Fe Depletion in SCS Basalt
SCS basalt data are plotted against mid-ocean ridge basalts (MORBs) and volcanic arc basalts in Figure 2 , a FeO*/MgO-SiO 2 diagram, to observe the CA characteristics in SCS basalt. The vast majority of SCS basalts (excluding some basalt from the FSR 114.9-115.0 • E and 117 • E-N) are tholeiitic in character, and the variation range of the CA characteristics in SCS basalts is smaller than that of the MORBs and arc basalt data. In order to quantify the extent of Fe depletion using the Miyashiro diagram [57] , the delineating fields of high-Fe, medium-Fe, and low-Fe from Arculus [58] , and the different values of the CA/TH index lines proposed by Hora et al. [54] [57] . The light gray solid squares show the global mid-ocean ridge basalts (MORBs) compiled reported in Gale et al. [59] . The gray solid squares show volcanic arc basalts from the PetDB database [60] . TH represents the tholeiitic, and CA is calc-alkaline. The thick black solid line is the TH-CA dividing line, which is determined by the equation SiO2 (wt. %) = 6.4 × (FeO*/MgO) + 42.8 [57] . The red solid lines delineate the fields of high-Fe, medium-Fe, and low-Fe, according to Arculus [58] . The thin black solid lines indicate different CA/TH indexes from Hora et al. [54] . The light gray solid squares show the global mid-ocean ridge basalts (MORBs) compiled reported in Gale et al. [59] . The gray solid squares show volcanic arc basalts from the PetDB database [60] . TH represents the tholeiitic, and CA is calc-alkaline. The thick black solid line is the TH-CA dividing line, which is determined by the equation SiO 2 (wt. %) = 6.4 × (FeO*/MgO) + 42.8 [57] . The red solid lines delineate the fields of high-Fe, medium-Fe, and low-Fe, according to Arculus [58] . The thin black solid lines indicate different CA/TH indexes from Hora et al. [54] .
It is worth noting that the different CA/TH values of each basalt group indicate that there are big differences in the degree of FeO* depletion. In Figure 3A , it is clearly observable that all the SCS Minerals 2019, 9, 410 6 of 19 basalt data can be divided into two different groups based on FeO* concentration (FeO* = 10.5 wt. %). The FSR 117.7 • E and NFSR basalt are significantly more enriched in FeO* than the other basalts, and the maximum FeO* content is available when MgO is approximately 5 wt. %, and suggests that the magnetite begins to crystallize. Further, it can be seen in the basalts with lower FeO* concentration that FeO* seems gradually decreases with decrease in MgO ( Figure 3A ). Most basalt samples with lower FeO* concentrations also correspond to the higher concentration in Al 2 O 3 ( Figure 3B ). [57] . The light gray solid squares show the global mid-ocean ridge basalts (MORBs) compiled reported in Gale et al. [59] . The gray solid squares show volcanic arc basalts from the PetDB database [60] . TH represents the tholeiitic, and CA is calc-alkaline. The thick black solid line is the TH-CA dividing line, which is determined by the equation SiO2 (wt. %) = 6.4 × (FeO*/MgO) + 42.8 [57] . The red solid lines delineate the fields of high-Fe, medium-Fe, and low-Fe, according to Arculus [58] . The thin black solid lines indicate different CA/TH indexes from Hora et al. [54] . 
Geochemical Variation along the FSR
The depletion or enrichment of Fe in basaltic magma may reflect the magma water content, because the water content of the parental magma can significantly affect the liquid lines of descent (LLD) curve, especially the appearance of plagioclase [30] [31] [32] . Therefore, we selected K2O and Ce, which have the similar incompatibilities with water during the mantle melting and magma fractional crystallization, to reflect the possible magma water content variation trend along the FSR ( Figure  4B ,C). The effect of the degree of partial melting on incompatible elements is discussed in a later section in this paper. The K2O and Ce concentration have similar variation trends along the FSR with the maximum values appearing at the 117° E-C basalt. However, the 117° E-N basalt exhibits the Although the 117.0 • E-C basalt has a smaller CA/TH value than the 117.0 • E-N basalt, both show similar low FeO* concentration. The possible reason for this is that the degree of magma evolution affects the quantification of Fe depletion: the 117.0 • E-C basalt is highly evolved with much lower MgO and SiO 2 (Figures 2 and 3) . Moreover, one must be more careful while determining the degree of depletion in Fe (or enrichment in Al) in basaltic magma by comparing concentrations or CA characteristics. The depletion in Fe (or enrichment in Al) can be overestimated due to clustering of some basalt data with high Al and low Fe content, which are the result of plagioclase accumulation/assimilation or high magma water content.
The depletion or enrichment of Fe in basaltic magma may reflect the magma water content, because the water content of the parental magma can significantly affect the liquid lines of descent (LLD) curve, especially the appearance of plagioclase [30] [31] [32] . Therefore, we selected K 2 O and Ce, which have the similar incompatibilities with water during the mantle melting and magma fractional crystallization, to reflect the possible magma water content variation trend along the FSR ( Figure 4B ,C). The effect of the degree of partial melting on incompatible elements is discussed in a later section in this paper. The We also used Pb-Sr-Nd isotopic analysis to determine the along-axis sub-ridge mantle source compositional variation. The Pb-Sr-Nd isotopic variations with longitude are shown in Figure 4D -F. All of the isotopic variations in the SCS basalt fall within the isotopic variations in the Indian MORB ( Figure 4D -F: orange area, Indian MORB data from Gale et al. [59] ), suggesting that the mantle source obviously is subject to the Indian MORB mantle signature [61] . Most of the isotopic variations in the SCS basalt also fall within those of Hainan OIBs ( Figure 4D NFSR basalts show similar characteristics in terms of K2O and Ce.
We also used Pb-Sr-Nd isotopic analysis to determine the along-axis sub-ridge mantle source compositional variation. The Pb-Sr-Nd isotopic variations with longitude are shown in Figure 4D -F. All of the isotopic variations in the SCS basalt fall within the isotopic variations in the Indian MORB ( Figure 4D -F: orange area, Indian MORB data from Gale et al. [59] ), suggesting that the mantle source obviously is subject to the Indian MORB mantle signature [61] . Most of the isotopic variations in the SCS basalt also fall within those of Hainan OIBs ( Figure 4D -F: light green area), except for the 114.9-115.0° E and 117° E-N basalts, suggesting the high influence of the Hainan mantle plume. The lava from the FSR 114.9-115.0° E has a completely different isotopic composition from those of other lavas in the SCS, and are characterized by lower 87 Table S1 . The isotopic composition of the Pacific MORB and Indian MORB are from Gale et al. [59] , Hainan OIB data from Zou and Fan [15] , Li et al. [16] , Wang et al. [52] , and Han et al. [53] . The vertical dotted areas in (D), (E), and (F) represent possible mantle source isotopic transitions. Symbols in the figure represent the same objects as those in Figure 2 .
Discussions

Mantle Melting
The Na8.0 value and the calculated melt fractions (F) for each sample along the FSR are plotted in Figure 5 . Figure 3A shows that the crystallization of magnetite begins at approximately MgO = 5 wt. %. Therefore, we filtered out samples with MgO < 5 wt. % before the calculation, because only the LLDs that reflect stable ol + plag +/− cpx crystallization can be used to calculate the Na8.0 and F values effectively. The Na8.0 was calculated by correcting the Na2O to 8.0 wt. % of MgO using the expression from Klein and Langmuir [62] . Figure 5 shows that, except the FSR 114.9-115.0° E basalt, the other basalt Na8.0 value gradually decreases from 116.2° E to the east, and the NFSR basalt data show the lowest Na8.0 value, which infers the highest extent of mantle melting. We noticed that the FSR 117° E-N basalt have a similar Na8.0 value to that of the 117° E-C basalt or even a little bit higher, Table S1 . The isotopic composition of the Pacific MORB and Indian MORB are from Gale et al. [59] , Hainan OIB data from Zou and Fan [15] , Li et al. [16] , Wang et al. [52] , and Han et al. [53] . The vertical dotted areas in (D-F) represent possible mantle source isotopic transitions. Symbols in the figure represent the same objects as those in Figure 2 .
Discussions
Mantle Melting
The Na 8.0 value and the calculated melt fractions (F) for each sample along the FSR are plotted in Figure 5 . Figure 3A shows that the crystallization of magnetite begins at approximately MgO = 5 wt. %. Therefore, we filtered out samples with MgO < 5 wt. % before the calculation, because only the LLDs that reflect stable ol + plag +/− cpx crystallization can be used to calculate the Na 8.0 and F values effectively. The Na 8.0 was calculated by correcting the Na 2 O to 8.0 wt. % of MgO using the expression from Klein and Langmuir [62] . Figure 5 shows that, except the FSR 114.9-115.0 • E basalt, the other basalt Na 8.0 value gradually decreases from 116.2 • E to the east, and the NFSR basalt data show the lowest Na 8.0 value, which infers the highest extent of mantle melting. We noticed that the FSR 117 • E-N basalt have a similar Na 8.0 value to that of the 117 • E-C basalt or even a little bit higher, which indicates a close degree of melting. However, the degree of fractionation between the LREE and HREE in these two groups of basalt shows a great difference (La/Yb of 117 • E-C and 117 • E-N basalt are 22.0 ± 9.45 and 1.16 ± 0.56, respectively). Thus, we also used TiO 2 as a single element proxy for the melt fraction, even though in case of low melt fractions, the F indicated by Ti is not sensitive to Na 8.0 . Nonetheless, as a high field-strength element, Ti has low mobility in aqueous fluids [63] .
In order to calculate the degree of melting, we need to correct the TiO 2 content to the composition of primary magma. We have two different methods and the results are shown in Supplementary  Table S2 ; the first one uses the PRIMELT3 MEGA.XLSM software [56] for primary magma calculation. However, the calculation result of F may be underestimated; see the details in Supplementary Section S3. The second method is using the LLD to do the step-by-step reverse calculation. Firstly, we corrected the TiO 2 to 8.0 wt. % and 8.5 wt. % of MgO using the expression from Kelley et al. [64] . Then, TiO 2(Fo90) was calculated using 8.5 wt. % of MgO equivalent compositions by adding equilibrium olivine to each basalt composition in 1% increments until equilibrium with Fo90 was reached [66] . The last step for the F value was calculated by using TiO 2(Fo90) and the batch melting equation from Kelley et al. [64] . The melt fractions calculated using TiO 2 composition are basically the same as those exhibited by Na 8.0 for all the basalt samples except for the FSR 117 • E-N basalts. The FSR 117 • E-N basalt exhibits a relatively high degree of mantle melting similar to the 114.9-115.0 • E basalt, while the other groups of basalt show relatively low melt fractions. Therefore, the variations in the incompatible elements (Ce and K 2 O) may be caused by the difference in the degree of melting or be related to the mantle source. We discuss this in Section 5.3. which indicates a close degree of melting. However, the degree of fractionation between the LREE and HREE in these two groups of basalt shows a great difference (La/Yb of 117° E-C and 117° E-N basalt are 22.0 ± 9.45 and 1.16 ± 0.56, respectively). Thus, we also used TiO2 as a single element proxy for the melt fraction, even though in case of low melt fractions, the F indicated by Ti is not sensitive to Na8.0. Nonetheless, as a high field-strength element, Ti has low mobility in aqueous fluids [63] . C is the concentration of TiO2 in the melt in equilibrium with Fo90 (TiO2(Fo90)). DTi is the distribution coefficient for Ti during mantle melting; here, we used DTi = 0.058 [65] . TiO2(Fo90) was calculated using 8.5 wt. % of MgO equivalent compositions by adding equilibrium olivine to each basalt composition in 1% increments until equilibrium with Fo90 was reached [66] . The calculated Na8.0 and F value for each SCS basalt are shown in the supplementary Table S1 . In order to ensure that the LLDs reflect stable ol + plag +/−cpx crystallization, samples with MgO < 5 wt. % were not used to calculated Fe8.0, Na8.0, and F. The symbols in this figure represent the same things as those in Figure 2 .
In order to calculate the degree of melting, we need to correct the TiO2 content to the composition of primary magma. We have two different methods and the results are shown in supplementary Table S2 ; the first one uses the PRIMELT3 MEGA.XLSM software [56] for primary magma calculation. However, the calculation result of F may be underestimated; see the details in supplementary Section S3. The second method is using the LLD to do the step-by-step reverse calculation. Firstly, we corrected the TiO2 to 8.0 wt. % and 8.5 wt. % of MgO using the expression from Kelley et al. [64] . Then, TiO2(Fo90) was calculated using 8.5 wt. % of MgO equivalent compositions by adding equilibrium [62] . The melt fraction was calculated by using TiO 2(Fo90) and the batch melting equation
from Kelley et al. [64] , where C 0 Ti is the concentration of TiO 2 in the mantle source; here, we used the TiO 2 concentration in the depleted mantle source (DM) TiO 2 = 0.119% (716.3 ppm).
Ti is the concentration of TiO 2 in the melt in equilibrium with Fo90 (TiO 2(Fo90) ). D Ti is the distribution coefficient for Ti during mantle melting; here, we used D Ti = 0.058 [65] . TiO 2(Fo90) was calculated using 8.5 wt. % of MgO equivalent compositions by adding equilibrium olivine to each basalt composition in 1% increments until equilibrium with Fo90 was reached [66] . The calculated Na 8.0 and F value for each SCS basalt are shown in the Supplementary Table S1. In order to ensure that the LLDs reflect stable ol + plag +/−cpx crystallization, samples with MgO < 5 wt. % were not used to calculated After the filtering process, there are only two data left in the 117 • E-C basalt group, and only three data left in the group of 116.2 • E. Due to the small number of the samples, the representation is weak. Therefore, a trace elements melting model has also been used to reflect the melting characteristics for each group of SCS basalt data ( Figure 6 ). We use a La/Yb versus Sm/Yb plot to distinguish the melting of garnet or spinel peridotite, because La and Sm are incompatible elements during mantle melting, while Yb is relatively compatible. Thus, La/Yb and Sm/Yb are strongly fractionated under the lower degree of melting. The Sm/Yb ratio also reflects the proportion of residual garnet during lherzolite mantle melting, because garnet tends to strongly fractionate heavy REE (HREE) rather than middle REE (MREE) [67, 68] . The SCS basalt data are plotted together with the batch melting curves calculated for garnet peridotite and spinel peridotite from Xu et al. [69] (Figure 6 ). Figure 6 demonstrates that nearly all SCS basalts resulted from various degrees of mantle melting in the garnet peridotite, and only the FSR 116.2 • E basalt data fall far away from the garnet peridotite melting curve, which seems scattered between the garnet and spinel peridotite melting curves. The possible explanation for this is that the lowest initial melting depth caused the smallest proportion of garnet to have been involved in the mantle melting there, and the degree of melting indicated by melting model was lower than 5%. In a single mantle source, additional water reduces the liquidus temperature [39] and increases the initial melting depth [70, 71] . Thus, the lowest initial melting depth exhibited by the FSR 116.2 • E basalt indicates that it is unlikely to contain a higher magma water content in its lava. [69] . For detailed parameters for establishing batch melting curves, such as partition coefficients, starting materials, and melting reactions in the garnet and spinel fields, see Xu et al. [69] . The symbols used in this figure represent the same things as those in Figure 2 .
Plagioclase Assimilation/Accumulation
The addition of water to magma suppresses the onset of plagioclase crystallization and finally results in Fe depletion in the magma [32] [33] [34] 38] . However, the Fe depletion in the basalt may have been overestimated, and therefore cannot be taken as a direct indicator of the water content of the magma. For example, the FSR 117° E-N basalt exhibits the highest CA/TH value ( Figure 4A ), and the FSR 116.2° E basalt shows low Fe concentration characteristics ( Figure 3A) . However, they do not show the corresponding mantle melting characteristics such as low melt fraction and high initial melting depth. The reason for this is that plagioclase assimilation/accumulation in the bulk rock can produce lower FeO* concentrations and higher Al2O3 [32, 72, 73] . Therefore, we filter out crystal accumulation using δEu < 1, and in order to minimize the effect of crystal accumulation, samples without trace element data were also not retained.
The FSR 116.2° E basalt shows an oversaturation of plagioclase crystals (δEu = 1.03 ± 0.017), suggesting that the Fe depletion there was not caused by additional water in the magma. The filtered [69] . For detailed parameters for establishing batch melting curves, such as partition coefficients, starting materials, and melting reactions in the garnet and spinel fields, see Xu et al. [69] . The symbols used in this figure represent the same things as those in Figure 2 .
The degree of melting reflected by melting curves is much higher than the above calculation results; obviously, these values are overestimated, but the variations between different groups basalt along the FSR are consistent with the calculated F values and even clearer when combined with the variation of the average melting depth revealed from the FeO* content of primary magma (Supplementary Materials Section S3). Hence, we conclude that FSR 117 • E-C basalts have the lowest degree of melting, which is then followed by the FSR 117.7 • E and NFSR. The basalt from 114.9-115.0 • E and 117 • E-N exhibit the highest degree of melting and the lowest melting depth. In conclusion, the melting characteristics of FSR 117 • E-C are more like the hydrous melting.
The addition of water to magma suppresses the onset of plagioclase crystallization and finally results in Fe depletion in the magma [32] [33] [34] 38] . However, the Fe depletion in the basalt may have been overestimated, and therefore cannot be taken as a direct indicator of the water content of the magma. For example, the FSR 117 • E-N basalt exhibits the highest CA/TH value ( Figure 4A) , and the FSR 116.2 • E basalt shows low Fe concentration characteristics ( Figure 3A) . However, they do not show the corresponding mantle melting characteristics such as low melt fraction and high initial melting depth. The reason for this is that plagioclase assimilation/accumulation in the bulk rock can produce lower FeO* concentrations and higher Al 2 O 3 [32, 72, 73] . Therefore, we filter out crystal accumulation using δEu < 1, and in order to minimize the effect of crystal accumulation, samples without trace element data were also not retained.
The FSR 116.2 • E basalt shows an oversaturation of plagioclase crystals (δEu = 1.03 ± 0.017), suggesting that the Fe depletion there was not caused by additional water in the magma. The filtered data for the FSR 117 • E-N basalt does not show strong Fe depletion, but that FeO* starts to increase slowly with a decrease in MgO from 8.0 wt. % of MgO. At the same time, the FSR 117 • E-N and NFSR basalts more closely match with the LLD simulated under anhydrous conditions (red LLD in Figure 7 with 0.07% modeling water content and gray area). The filtered data for the FSR 117 • E-C basalt shows a relatively strong Fe depletion, and the scattered data suggest a large variation in the magma water content (Figure 7 : yellow area). Defining the degree of Fe depletion from the filtered data for the FSR 114.9-115.0 • E basalts is more difficult, because the basalt MgO value here is relatively more concentrated (MgO: 5.44-7.56 wt. %) and cannot reflect the trend of magma evolution well. Even so, the data appears to be scattered between the two LLDs simulated under anhydrous (red LLD in Figure 7 with 0.07% modeling water content) and hydrous conditions (blue LLD in Figure 7 with 1.0% modeling water content), which suggests a wider range of magma water content variation. . LLDs were calculated using the Petrolog3 software package [74] , with multiphase fractionation of olivine (ol) + plagioclase (plag) + clinopyroxene (cpx) + magnetite (mgt) modeled at variable water contents; the mineral-melt equilibrium models of Weaver and Langmuir [75] were used for olivine and clinopyroxene, the model of Danyushevsky [32] was used for plagioclase, and the model of Ariskin and Barmina [76] was used for magnetite. The red LLD represents anhydrous conditions with 0.07% water + 1 kbar, and the blue LLD represents hydrous conditions with 1.0% water + 1 kbar. The thin lines in the middle represent the change in LLDs with variation in water content only, instead of the change with crystallization pressure (P) and oxygen fugacity (ƒO2). The P and ƒO2 also affect the shape of the LLD curves, but they do not cause significant Fe depletion and Al enrichment. As water content increases, Fe gradually depletes, and Al gradually enriches. The decrease in Fe8.0 is dominated by the effect of H2O on low-pressure differentiation [39] . The symbols in this figure represent the same things as those in Figure 2 .
Magma Water Content Variation along the FSR
By studying the characteristics of mantle melting and magma fractional crystallization, we attempt to infer the magma water content variation trends along the FSR. First, the lava from the FSR 116.2° E, FSR 117.7° E, and NFSR basalts is considered normal lava under the SCS, because they have similar mantle source isotope compositions, degrees of Fe depletion, and melting characteristics, even . LLDs were calculated using the Petrolog3 software package [74] , with multiphase fractionation of olivine (ol) + plagioclase (plag) + clinopyroxene (cpx) + magnetite (mgt) modeled at variable water contents; the mineral-melt equilibrium models of Weaver and Langmuir [75] were used for olivine and clinopyroxene, the model of Danyushevsky [32] was used for plagioclase, and the model of Ariskin and Barmina [76] was used for magnetite. The red LLD represents anhydrous conditions with 0.07% water + 1 kbar, and the blue LLD represents hydrous conditions with 1.0% water + 1 kbar. The thin lines in the middle represent the change in LLDs with variation in water content only, instead of the change with crystallization pressure (P) and oxygen fugacity (ƒO 2 ). The P and ƒO 2 also affect the shape of the LLD curves, but they do not cause significant Fe depletion and Al enrichment. As water content increases, Fe gradually depletes, and Al gradually enriches. The decrease in Fe 8.0 is dominated by the effect of H 2 O on low-pressure differentiation [39] . The symbols in this figure represent the same things as those in Figure 2 .
By studying the characteristics of mantle melting and magma fractional crystallization, we attempt to infer the magma water content variation trends along the FSR. First, the lava from the FSR 116.2 • E, FSR 117.7 • E, and NFSR basalts is considered normal lava under the SCS, because they have similar mantle source isotope compositions, degrees of Fe depletion, and melting characteristics, even though FSR 116.2 • E has much lower melt fractions and initial melting depth. Thus, they have normal water content in the magma. Second, the lava from the FSR 117 • E-C and 117 • E-N basalts contain higher and lower magma water content than that of normal lava, respectively, due to the following reasons:
(1) Notice that even though the 117 • E-N basalt has slightly lower 87 Sr/ 86 Sr, 206 Pb/ 204 Pb and higher 143 Nd/ 144 Nd isotope composition than the surrounding basalt, as a result of the weaker influence of the Hainan mantle plume (Figure 8 ). However, there is no other mantle contamination displayed here. Hence, we suggest that the lavas in these two groups have similar mantle source isotope compositions to that of SCS normal lava. This is an important prerequisite for comparison of their magma water contents. [77] ) to calculate the Ce concentration of the mantle source. The reason why we use the F value revealed from the trace elements melting model is not due to the F value being more accurate than the result calculated from TiO 2(Fo90) . If the Ce concentration of the mantle source remains high under the calculation of overestimated F, then it would be more able to explain that the mantle source should be "wet". The results show that the average Ce in the mantle source is about 9.6 ± 3.0 ppm for the 117 • E-C basalt, 2.4 ± 1.1 ppm for the 117 • E-N basalt, and 7.8 ± 1.5 ppm for the SCS normal basalt group. Since Ce has mineral and bulk mantle/melt partition coefficients similar to those of water [70, 78] , the highest Ce concentration in the 117 • E-C mantle source suggests that the mantle should be "wet".
It is difficult to assess whether the magma water content of the FSR 114.9-115.0 • E lava is higher or lower than that of the SCS normal lava. Due to the significant differences in the mantle source isotope compositions, even though the calculated Ce concentration (3.9 ± 0.5 ppm) of the mantle source is similar with 117 • E-N, we cannot conclude that its mantle source should be "dry". For example, because of the differences in the mantle source, the H 2 O/Ce ratio of global mid-ocean ridge systems have a relatively wide variation range from 150 to 280 [22, 79] . From the perspective of fractional crystallization, the lava from the 114.9-115.0 • E basalt does not fit well with any of the LLDs with different conditions. However, the large variation ranges for FeO* and Al 2 O 3 exhibited by the lava can be well matched to the range covered by the multiple LLDs corresponding to the increasing magma water content (Figure 7 ). This indicates that lava from the 114.9-115.0 • E basalts contain higher water content and also a greater variation than the normal lava underneath SCS. However, the FSR 117° E-C basalt data show entirely different trend curves from those of the others, with a higher La/Yb ratio and relatively stable Zr/Nb and Nb/Yb ratios. These features imply that another material with enriched La and depleted Nb, instead of the Hainan plume, determined the chemical concentration and affected the water content in the mantle source there. 
Carbonated Silicate Melts
Zhang et al. [9] identified that natural carbonated silicate melts exist in the shallow mantle underneath the SCS and penetrate through the hot asthenosphere, finally converting to alkali basaltic melts in the FSR 117° E-C basalt. Thus, the carbonated melts have a significant influence on the water content of the lava from FSR 117° E-C. In order to determine whether carbonated silicate melts are enriched in the water, it is necessary to recognize their origins.
The mantle source of the carbonated melts is of deep origin, with the evidence of trace elements (higher La/Yb and La/Sm). A depleted asthenospheric or lithospheric mantle has also been found to be involved with creating the existing isotopic composition. Based on the low MgO concentration, Zhang et al. [9] suggested that the carbonated melts are products of the melting of carbonated eclogite, and the relatively high 206 Pb/ 207 Pb ratio can be explained by the recycling of oceanic crust. Therefore, the subduction of the carbonated oceanic crust is considered an effective way to introduce carbonated eclogite to the mantle, and hydrous fluids are extracted during subduction. Hence, we suggest that the carbonated melts should be wet-even though the experimental data suggest that the water solubility of olivine is reduced by a factor of approximately two due to the presence of CO2 [84] -and propose that the content of water introduced by carbonated melts is still higher than that in the other groups of basalts in the SCS. 
Constraining Mantle Heterogeneity
The Hainan Mantle Plume
Previous research has shown that an Indian-type mantle source (Dupal anomaly) beneath the SCS with the evidence of isotope composition [9, [15] [16] [17] 47, 50, 80, 81] and Hainan mantle plume influence played a significant role [9, [15] [16] [17] [18] 50] . The geochemical and isotopic features of SCS basalts also recorded that plume-ridge source mixing perhaps appears, since~23.8 Ma [82] . Here, we used incompatible trace element ratios (La, Yb, Zr, and Nb) to determine whether the SCS mantle source was influenced by the Hainan plume or could have resulted from the mixing of Hainan plume material with the local depleted MORB mantle (DMM). These trace element ratios are not significantly affected by the magma differentiation because the lack of garnet participated in the process of magma differentiation, and the addition of olivine will not affect these ratios. All the basalt data from SCS, except for that of FSR 117 • E-C, fit well with the Hainan OIBs in the same mixing curves (the gray dotted lines in Figure 8A ,B). In Figure 8A , (Zr/Nb versus La/Yb), it can be clearly seen that both the SCS basalt and Hainan OIBs result from mixing the same two components along a curve, and this mixing hypothesis is also supported by the companion plot in Figure 8B However, the FSR 117 • E-C basalt data show entirely different trend curves from those of the others, with a higher La/Yb ratio and relatively stable Zr/Nb and Nb/Yb ratios. These features imply that another material with enriched La and depleted Nb, instead of the Hainan plume, determined the chemical concentration and affected the water content in the mantle source there.
Carbonated Silicate Melts
Zhang et al. [9] identified that natural carbonated silicate melts exist in the shallow mantle underneath the SCS and penetrate through the hot asthenosphere, finally converting to alkali basaltic melts in the FSR 117 • E-C basalt. Thus, the carbonated melts have a significant influence on the water content of the lava from FSR 117 • E-C. In order to determine whether carbonated silicate melts are enriched in the water, it is necessary to recognize their origins.
The mantle source of the carbonated melts is of deep origin, with the evidence of trace elements (higher La/Yb and La/Sm). A depleted asthenospheric or lithospheric mantle has also been found to be involved with creating the existing isotopic composition. Based on the low MgO concentration, Zhang et al. [9] suggested that the carbonated melts are products of the melting of carbonated eclogite, and the relatively high 206 Pb/ 207 Pb ratio can be explained by the recycling of oceanic crust. Therefore, the subduction of the carbonated oceanic crust is considered an effective way to introduce carbonated eclogite to the mantle, and hydrous fluids are extracted during subduction. Hence, we suggest that the carbonated melts should be wet-even though the experimental data suggest that the water solubility of olivine is reduced by a factor of approximately two due to the presence of CO 2 [84] -and propose that the content of water introduced by carbonated melts is still higher than that in the other groups of basalts in the SCS. Table S3 .
The PCA (Figure 9) showed that of the 99.52% total variability of the SCS basalt Pb isotope composition, 96.07% is attributed to the first principal component (PC1), and the second (PC2) is responsible for 3.45%. Hence, PCA performs well in converting three-dimensional (3D) Pb isotope data ( 206 Pb/ 204 Pb, 207 Pb/ 204 Pb, and 208 Pb/ 204 Pb) into two-dimensional (2D) representational forms (PC1 and PC2). In order to distinguish between binary and ternary mixing, we chose DMM, enriched mantle type II (EMII), a focus zone (FOZO), and lower continental crust (LCC) as end members in the PCA. A large amount of Sr-Nd-Pb isotope composition data for the SCS basalt indicate that the SCS sub-basin mantle was generated through binary mixing between DMM and EMII [11, 13, 85] ; thus, DMM and EMII were chosen as PCA end members. The FOZO has moderate Sr-Nd-Pb isotope signatures and elevated 3 He/ 4 He ratios [86] , which points to having deep origins and more primitive source materials than MORB [87, 88] . LCC has been chosen as the water-enriched end member based on the experimentally measured water concentration [89, 90] . However, the water in the LCC does not exist in the fluid form [80] , but rather is reserved within the NAMs' structure, such as orthopyroxene, clinopyroxene, feldspar, olivine, and garnet, and constitutes a significant reservoir [91] .
The results of PCA that are presented in Figure 9 show that four different mantle end members fall exactly into four different quadrants, forming triangles with respect to each other. The LCC shows the highest PC1 and lowest PC2 values, whereas FOZO shows the lowest PC1 and highest PC2 values. The average of Hainan OIBs principal components are really close to that of the EMII; it also shows a slight contamination with the continental lithosphere. Obviously, all the SCS basalts cannot be considered the result of simple binary mixing between DMM and EMII. The FSR 117.7 • E, FSR 117 • E-C, NFSR, and some of the FSR 117 • E-N basalt data showed ternary mixing between DMM, EMII, and FOZO, reflecting the influence of the mantle plume and indicating deep origin. However, the 116.2 • E basalt does not show any FOZO-like source, which corresponds to its lowest initial melting depth.
Further, the FSR 114.9-115.0 • E basalts show a significant difference with others along the PC1 axis; the FSR 114.9-115.0 • E basalts plot in the area with PC1 > 0, while the others plot in the area with PC1 < 0. Thus, its data show another ternary mix of DMM, EMII, and LCC. Obviously, the influence of the Hainan mantle plume is weak, and the data more likely show binary mixing between DMM and LCC. Thus, we suggest that the LCC has the dominant role in controlling the basalt chemistry of FSR 114.9-115.0 • E, which reveals mantle contamination with LCC materials. The possible explanation for contamination with LCC materials may be that they were recycled in the convective mantle during continental break-up [9] . The first principal component explains 96.07% of the total variability of the SCS basalt data, and the second explains 3.45%. Hence, this two-dimensional (2D) representation of the three-dimensional (3D) dataset shows 99.52% of the total variability. Data for the Hainan OIBs are from Zou and Fan [15] and Li et al. [16] . Data for the lower continental crust (LCC) are from Escrig et al. [92] . Data for the mantle end members depleted MORB mantle (DMM), enriched mantle type II (EMII), and the focus zone (FOZO) are from Hart [61] and Armienti and Gasperini [93] . The details of the calculation are shown in Supplementary Section S4. The symbols in this figure represent the same things as those in Figure  8 .
Conclusions
Magmatic water content variations along the FSR were identified by comparing the degree of Fe depletion, partial melting characteristics, and mantle source composition of different groups basalts at different longitudes. The lava from FSR 116.2° E, FSR 117.7° E, and NFSR can be considered normal The first principal component explains 96.07% of the total variability of the SCS basalt data, and the second explains 3.45%. Hence, this two-dimensional (2D) representation of the three-dimensional (3D) dataset shows 99.52% of the total variability. Data for the Hainan OIBs are from Zou and Fan [15] and Li et al. [16] . Data for the lower continental crust (LCC) are from Escrig et al. [92] . Data for the mantle end members depleted MORB mantle (DMM), enriched mantle type II (EMII), and the focus zone (FOZO) are from Hart [61] and Armienti and Gasperini [93] . The details of the calculation are shown in Supplementary Section S4. The symbols in this figure represent the same things as those in Figure 8 .
Magmatic water content variations along the FSR were identified by comparing the degree of Fe depletion, partial melting characteristics, and mantle source composition of different groups basalts at different longitudes. The lava from FSR 116.2 • E, FSR 117.7 • E, and NFSR can be considered normal lava for the SCS with normal water concentration. The lava from FSR 117 • E-C contains much higher magma water content and shows evidence of strong Fe depletion, the lowest degree of melting, and relatively enriched Ce concentration in the mantle source. The origin of the FSR 117 • E-C basalt group at a "wet" mantle source is related to its content of carbonated silicate melts. However, due to the weak influence of the Hainan mantle plume, the lava from FSR 117 • E-N exhibited much lower magma water content. The lava from FSR 114.9-115.0 • E also presented high water content and a unique mantle source isotopic composition. The PCA of Pb isotopes suggests the origin of the water-rich magma in FSR 114.9-115.0 • E is related to contamination with LCC materials.
In conclusion, we suggest that there is a mantle source compositional transition area between the southwestern and eastern sub-basins, which have different mantle evolution histories beneath the FSR. The mantle source beneath the southwestern sub-basin was contaminated by LCC materials that may have been recycled by the convective mantle during continental break-up. The mantle source beneath the eastern sub-basin was strongly influenced by the Hainan mantle plume and carbonated silicate melts.
Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/7/410/s1, Table S1 : The calculated parameters of SCS basalt; Table S2 : The comparison of two methods for calculating F; Table S3 : The attribution of three principal components; Figure S1 : The TAS diagam of SCS basalt data; Figure  S2 : The chondrite-normalized REE patterns of SCS basalt data; Figure S3 : The primitive mantle-normalized incompatible trace element patterns of SCS basalt data.
